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Abstract 
The article considers national and foreign experience of the use of multi-face bent metal columns (tubes) for the erection of tower structures for 
the needs of modern cities. The authors present a review of the literature concerned and try to reveal the problem trends in the field for the 
purpose of the further study of stress-and-strain state (SSS) of the aforesaid structural elements as well as the special features of their work under 
load. This study may improve the structural shape of the aforesaid multi-face metal structures, improve their design as well as the consideration 
of the wind load contributing much to their stress-and-strain state. The authors also consider the prospects of production and use of multi-face 
metal structural elements in modern construction in Russia. The special features of the design methods concerned and a comparative analysis of 
the SSS parameters of multi-face bent metal columns are considered, too. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the XXV Polish – Russian – Slovak Seminar “Theoretical 
Foundation of Civil Engineering”. 
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Introduction 
Introduction 
The world practice of the use of multi-face metal bent columns (MMBC) lasts for about 40 years.  They are 
mainly used as the posts for aerial power lines (APL). The MMB columns are widely used as power transmission 
line supporting structures, tangent-suspension and anchor supports, switch-gear portals, electrical equipment posts at 
power substations. The MMBC may be also used as road signs, exterior lighting posts, TV- and radio broadcast 
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towers, contact-line support structures, etc. There are many post design variants, fixation units and methods of 
anchoring the posts in the ground [3-8, 17, 33]. 
The multi-face steel columns are conic tubes with box-shaped multi-face cross-sections; they are produced in the 
process of bending steel sheets and welding the joints [3, 4, 33]. The post height h  may be up to 80 m with the wall 
thickness of up to 20 mm [3-5]. The post butt diameter kd  varies within the range 250 … 3000 mm, the post upper 
end diameter is 200 … 500 mm. the MMB structures are shown in Fig.1. (ɚ-f) 
The MMBC are still not wildly used CIS-countries. There was some experience of erection of MMBC with 
section flange joints and guy-ropes for aerial power lines (110 – 330 kV). But such structures had no prospects of 
their wide use. In Russian Federation, the MMBC have been used since 2006. 
   
 
Fig.1. General design diagram of MMBC and their structures:  
a-c) mobile communication towers; d, e) anchor post VL 420kV; f) railway contact network support 
Review of publications in the field 
There is no common opinion concerning the design diagram of multi-face bent structures (MBS) and the 
methodology of their design calculations. In this case, both the MMBC itself and its flange base, that is their joint 
operation, are of interest.  
In the 1970s, a methodology of design calculations for the MBS as the columns with piece-constant cross-
sections was suggested [9]. This methodology has been introduced into the normative document “Recommendations 
on design of steel structures for aerial power line posts and outdoor switch-gears at the substation (with voltage of 
more than 1kV) (to the CNR II-23-81*)”. The aforesaid methodology was widely used for the design of MBS (in 
particular, for the APL posts), though it had two serious drawbacks. First, it cannot determine the SSS-parameters in 
any cross-section (it is possible only at the basement level). Second, the design calculations do not show the work of 
compressed and stretched post zones, which is very important for compressed-and-bent moments. 
If we consider the multi-face bent structures as folded metal shells (folds), their static analysis may be performed 
in accordance with non-moment and moment theories. The non-moment analysis reduces the solution of three-term 
equations through the work method or the displacement method [10-14]. The fold analysis through the moment 
theory (with consideration of transversal moments) is carried out with the use of the work method equations [15] or 
the mixed method canonical equations [16]. The main contradiction of the application of the fold analysis to the 
MBS is that the practical construction mostly uses the folds for space reinforced concrete structures made from joint 
monolith plates (space roofing structures, chute hoppers, water supply channels, etc.). 
The theory of non-moment analysis for smooth thin-wall shells is described by V.V. Gorev, E.N. Lessig [17], 
A.F. Lileeva [17]. Taking into consideration the definition criterion for thin-wall shells ( 20020 EE
t
r ) and the MBS 
special feature (the shell bend in the cross-section), we can speak of a possible use of this theory for the columns 
with different number of faces due to their similarity to a round cross-section. 
The analysis of flange joints (the most popular joint type in MBS structures for the fixation of columns at the 
foundation as well as the column sections with each other) is considered in the works by I.A. Birger [21], G.B. 
Iossilevich [21, 23], S.T. Kovgan [23], Yu.V. Lashtshuk [23]. The aforesaid authors consider loose flanges and the 
analysis through variable pliability. The main drawback of this methodology is the fact that it is impossible to take 
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into account the special features of the work of the MBS base at its joint with the foundation concrete. In addition to 
that, the flange base analysis may use the methodologies described in the “Handbook on design of anchor bolts for 
fixation of structures and equipment (to CNR 2.09.03-85) as well as the “Recommendations on analysis, design, 
production and erection of flange joints for steel structures’’ [22] (addition to CNR II-23-81*, III-18-75 and 3.03.01-
87).  
A comparative analysis of the calculations of SSS-parameters for the columns and the base through traditional 
methods showed their considerable difference. Therefore, an experimental examination of the results is necessary as 
well as the creation of a rational finite element model for its use in programming packages. 
The main advantages of multi-face  structures as compared with concrete or metal grid structures (according to 
the foreign experience in the field of construction and maintenance of MBS) are the following: aesthetic appearance, 
a smaller land plot, adaptation ability, transportability, erection rate, failure-free performance, durability, vandalism-
resistance, maintainability, complete production automation, and, as a consequence, the economic efficiency. But 
the MBS have some disadvantages:  structural shortcomings caused by a non-efficiency of the cross-section and its 
incompatibility with the loads which lead to a considerable over-consumption of the material and to the fact that the 
structure strength is not equal for all directions (especially for aerial power line posts), erection work shortcomings 
(complicated rigging works and erection works), maintenance shortcomings caused by closed non-ventilated 
cavities.  
The consideration of the methods of determination of wind loading in accordance with normative documents 
issued in Ukraine, Russia and European countries showed their main disadvantage; they do not give a complete 
distribution of wind effects in the MBS cross-section as there are no dependences of aerodynamic coefficients on the 
wind azimuth E  and  of the criterion of correctness of aerodynamic coefficients of the critical Reynolds number crRe  
on the number of the post faces as well as no wind pressure profiles. It is important to note the discrepancies in 
Russian and foreign normative documents (different head resistance values for multi-face structures and different 
transition Reynolds numbers for these head resistance values. Therefore, the experimental studies of wind effects are 
necessary in order to determine the local wind pressure coefficients 
piC  and the head resistance coefficients xiC  
depending on geometric parameters of the posts as well as on the wind azimuth E . 
The aerodynamic instability of bodies of revolution due to the vortex formation in the process of separation of the  
boundary layer and the wind effects on the structures having the form of rotation bodies are considered in the works 
by M.A. Beresin  [24,25], L.Kh. Blumina [26], M.M. Bychkov [27], E.V. Gorokhov [28-30], M.I. Kazakevich [31], 
M.F. Krasnov [32], S.G. Kuznetsov [28-30], F.M. Lugovtsov [34], E. Simiu [35], R. H. Scanlan [35], C. Dyrbye 
[36], I.M. Garanzha [33] and others. All the aforesaid works studied the wind effects on cylindrical structures. 
Though the multi-face columns are similar to the cylinders (especially for the number of faces 12tn ) and the 
modern MBS designers often use the aerodynamics cylinder characteristics, these two structural design types should 
be considered differently. It is necessary to study the wind effects on multi-face structures and obtain the 
characteristics concerned. 
A special attention to the field tests for MBS is paid by the researchers from Donbas national academy of 
construction and architecture (V.N. Vassylev, E.V. Gorshkov). 
 
The prospects of production and use of MBS. 
It is obvious that the multi-face columns are preferable for their use at urban territories (where the aesthetic 
appearance of structures is very important and the land plots are expensive) as well as in mountainous regions and 
regions which are difficult of access. But, in spite of their many advantages, the MBS have not become popular in 
Ukraine during the last 40 years. First, it is because of a complicated, labour-intensive and expensive technology of 
their production requiring corresponding production capacities and special equipment (Fig.3). Recently, the 
construction in Ukraine (especially that of power lines) pays attention to MBS more often (they are considered as a 
substitute for reinforced concrete and metal grid columns), and the field of their use becomes much wider. 
Thus, the introduction of MBS into production at s metal structure plant requires the investments for the purchase 
of the aforesaid equipment of 6-7 mln Euro [5,6]. 
Nowadays, for the CIS countries, the leading plant in the field of production of MBS is the “METAKO” 
Company (Domodedovo, Moscow region, Russia) which is not only a large-scale supplier of MBS in Russia and 
CIS-countries, but also the only alternative to foreign plants. 
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In 2011, the “AZMK” Company put into maintenance a specialized workshop producing MBS (Fig.3). Thus, in 
the near future, the range of bent columns may become very wide: not only columns for power lines, but also sub-
station portals, posts for electrical equipment, posts for telephone and telegraph lines, posts for wind generators, etc. 
Multi-variant rationalization of structural parameters of multi-face metal columns. 
The modern design of MBS columns includes the so-called multi-variant optimization [3] used for the 
determination of the optimum material consumption, which is very important. The optimization characteristics for 
multi-face steel columns developed by the “PROMiK” Company (Dniepropetrovsk) present in [3]. 
Every variant is computed through the first and second limiting states with the section wall thickness depending 
not only on the strength conditions (1st limiting state) but also on the maximum deflection value for the upper part of 
the column (2nd limiting state) After consideration of all the variants, the section joint variant/ (flange joint or 
telescope one) as well as the foundation design are chosen. 
The methodology variants for the design of MBS 
The review of publications in the field shows that the modern design of  multi-face steel columns includes 4 most 
popular methods of their analysis [9, 17, 19, 20] which may be fundamentally contradictory with respect to each 
other. The aforesaid contradictions are connected with the special features of analysis patterns (columns or shells). 
When using the method A [9], the computation is carried out through the deformation pattern, and the column is 
considered as a rod with a piecewise-constant cross-section including n pieces. All external loads )()()( ,, iii MNp  are 
referred to the piece boundaries (nods). 
Fig.3 presents an analysis pattern for a multi-face 5-section rod with an elastic fixation in the foundation (the 
analysis pattern of a freely standing support). 
The analysis is carried out through the sweep method with 3 stages. At first two stages, the bending moments )(iM  
and )(iM  in the cross-sections lower and higher than the i-th nods, respectively, and the turning angle )(iM  are 
determined by the formulas (1)-(3): 
1 1i i i i i iM a M b cM
 
             (1) 
( )i
i iM M M
             (2) 
1 1( )2
i
i i i i ti
i
l M M
EI
M M M      '          (3)  
 
Fig. 2. Multi-face column with an elastic fixation in the foundation with a piecewise-constant cross-section (loads and internal forces). 
 
The aforesaid method is based on a piecewise-linear approximation of the moment curve in a deformed state. If 
the number of such sections is not less than 5, this approximation gives a negligible error. 
The strength analysis should be carried out in accordance with the requirements [1,2] for bent elements or 
elements effected by an axial force with bending; the forces for this analysis are determined through the aforesaid 
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method. Depending on the number of column faces, it is necessary to observe the stress-and-strain state in 
characteristic cross-section points - points with maximum normal and tangential stresses, neutral points (Fig.4). 
In additional to that, the compressed-and-bent elements should be examined on stability both in the plane and from 
the plane of action of bending moments, but the free-standing columns which are calculated through a deformation 
pattern, are examined on stability only from the plane of action of the moments. 
In the analysis of the local wall stability, it is necessary to perform two examinations: 
-as a wall of a box-section element with m=0 [1,2]; 
-as a closed cylindrical shell [1,2]. 
  
ɚ) 
 
 
b) 
Fig.3.Cross-section of an element from the multi-face bent profile: 
 a) notions of cross-section parameters and forces; b) characteristic angle points 1-5. 
 
The method B [17] assumes the analysis of space shells (multi-face steel columns we will consider as space 
shells) with respect to two groups of limiting states (bearing capacity and rigidity, respectively). 
The modern theories of analysis of elastic thin-wall shells are based on following principal hypotheses: 
1st hypothesis. The shell is in a two-axial strain state (pressure of parallel layers of the thin-wall shell on each 
other is negligible). 
2nd hypothesis. The shell material is isotropic and follows the Hooke’s law. 
3rd hypothesis. The rectilinear element perpendicular to the middle surface before the deformation stays 
rectilinear and perpendicular to the deformed middle surface, and its length remains invariant (hypothesis of 
rectilinear normal lines or Kirchhoff-Lave hypothesis). 
On the basis of these hypotheses, two groups of shell theories are created: the linear theories, the equations of 
which contain the analysis of small displacements, and the non-linear theories, constructed with consideration of 
finite displacements. 
The analysis of a space structure in the form of a shell is carried out with respect to the strength, stability and 
durability. 
The work [17] considers multi-face steel columns as thin-wall shells (depending on the ratio r/į; r – shell radius, 
į – wall thickness). The following condition should be satisfied: 
20 200r
G
d             (4) 
The main theory for the analysis of most thin-wall shells is the non-moment theory, so the main internal forces in 
the shell are the normal forces N1 and  N2 and tangential forces S (Fig.5). The bending and turning moments as well 
as the transversal forces are considered to be negligible. 
 
Fig.4. The coordinate system and the forces in the cross-sections of a thin-wall shell (in a non-moment state) 
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The main stresses arising in the body of a thin-wall shell (in a non-moment state) are the hoop stresses and the 
meridian stresses. They are calculated separately from each internal force: 
1
1
NV
G
            (5) 
2
2
NV
G
            (6) 
S
SW
G
            (7) 
where ı1 – meridian stresses from the force N1; 
1 1 22 ( )1
EN G H PH
P
 

 – internal force in the shell acting along the generating line; 
ı2 – hoop stresses from the force N2; 
2 2 12 ( )1
EN G H PH
P
 

– internal force in the shell acting in the annual direction; 
Ĳs – shearing stresses, tangential to the middle shell surface; 
S GGJ -  tangential internal forces in the shell; 
į – shell wall thickness; 
İ1 and İ2 – elongations of the middle surface in the directions  Į and ȕ (Fig. 6); 
Ȗ – shear of middle surface; 
G – shear modulus; 
ȝ – Poisson’s ratio. 
When using the method C [12, 13] , the analysis of multi-face steel columns is carried out (as in the aforesaid 
methods) for space sheet structures (thin-wall shells) in accordance with the non-moment theory, though many 
modern structural engineers consider the multi-face steel columns as a rod. 
The structures based on multi-face steel columns may be considered as the thin-wall turning shells (Fig.6). This 
assertion is proved by the ratio value 20R
t
t , which testifies to a non-moment two-axial stress state. In particular, 
only normal meridian and hoop forces effect on the turning shells which are under the influence of an axial load in a 
non-moment stressed state. 
 A non-moment stressed state of the shell is described by the Laplace’s equation (8) derived from the 
equilibrium conditions for an infinitesimal plate between two horizontal and two meridian planes (Fig.6): 
1 2
1 2
0N N p
R R
             (8) 
where N1 and N2 – meridian and hoop forces, respectively; 
ɪ – normal component of the external load acting onto the elementary plate. 
Considering the equilibrium of the upper part of the shell, cut by a horizontal plane perpendicular to the 
symmetry axis z-z, we obtain the equations for the determination of the meridian force N1 (9) – (10): 
2
12 cosp r rNS S E           (9) 
Or  
2
1 2
pRN             (10) 
The hoop force N2 may be obtained from the Laplace’s equation (8) and the equation (11): 
2
2 1
1
(2 )RN N
R
            (11) 
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Fig.5. to determination of forces in a turning shell 
 
 The meridian and hoop forces in the shells may be calculated by substitution of the radius of curvature into 
the formulas (12) – (15): 
 - for a cylindrical shell ( 1R  f , 2R r ): 
1
1 2
N pr
t t
V              (12) 
2
2
N pr
t t
V              (13) 
 - for a conical shell (
1R  f , 2
rR
cosE
 ): 
1
1 2 cos
N pr
t t
V
E
            (14) 
2
2
N pr
t tños
V
E
             (15) 
For sheet structures in the form of turning shells under axial effects, the strength condition is determined [1, 2, 9, 23, 24]. 
The method D [19, 20], is based on the finite element method (FEM) and performed through the programming 
packages (SCAD, Lira). At present, it is the most used method for the design of multi-face steel columns for any 
purpose. It includes the computation of necessary parameters of the stress-and-strain state (forces, stresses, 
displacements) and their visual presentation on the PC monitor. The main advantage of this method is possible 
analysis of structures in arbitrary cross-sections, which is impossible with existing analytic methods. 
One of known but seldom used method for determination of displacements of columns (beams) with variable 
rigidity is the Mohr’s method [18] based on the numerical finite element method. This method allows us to 
determine the deflection of the free post end (beam end) without consideration of its own weight (the displacement 
of the upper end of the cantilever post fu), presented as a solid rod with a rigid fixation in the foundation (Fig.7). 
 
Fig.6. Column with a variable rigidity for the determination of the deflection of its free end by the Mohr’s formula 
 
The deflection of the free end of the cantilever post with variable rigidity ǻɜ is determined by the equation (16): 
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where Ɋ – design load acting onto the post;  ȿ – elasticity modulus for the post material; l – post height; 
  J0 – moment of inertia for the boundary cross-section of the post. 
Conclusions 
1. The importance of urban structures using multi-face metal columns is, first and foremost, their aesthetic 
appearance and small land plots needed for them.  
2. The production of MMS is already not problematic due to modern production capacities in Russia. 
3. The numerical methods [17, 18] consider the aforesaid structures as the rods and carry out the analysis 
through the deformation pattern. 
4. Only two of four methods [9, 19, 20, 24] consider the number of faces in the process of analysis of the stress-
and-strain state, which effects much on the stress and displacement values. 
5. The choice of the most appropriate method of analysis of columns (posts) requires an experimental 
examination of the results of numerical computation through the aforesaid methods. 
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